1. Introduction {#biot201700341-sec-0002}
===============

The human lung comprises various essential body functions, among which vital gas exchange is most central. The trachea conducts inhaled air into the lungs through dichotomic branching into tubular bronchi. They divide further into smaller bronchioles, finally becoming microscopic clusters of air sacs, called alveoli. Ciliated epithelia and mucosal glands build the inner lining of the conducting airways. These structures maintain epithelial moisture and ensure the mucociliary clearance of the airways by secreting mucus and maintaining an epithelial cell lining fluid.[1](#biot201700341-bib-0001){ref-type="ref"} Approximately 480 million alveoli form the respiratory surface of an adult human lung,[2](#biot201700341-bib-0002){ref-type="ref"} which is mainly composed of flat alveolar type‐I cells (AEC‐I). Together with endothelial capillaries located at the basolateral site of AEC‐I, these cells form the approximately 2 µm--600 nm (sometimes only 200 nm) thin barrier allowing for gas diffusion. The AEC‐I are flanked by cuboidal alveolar type‐II cells (AEC‐II), which are indispensable for the regulation of alveolar homeostasis by producing and secreting surfactant,[3](#biot201700341-bib-0003){ref-type="ref"} other bioactive mediators, and contributing to lung tissue repair.[4](#biot201700341-bib-0004){ref-type="ref"}

During every breath, this extensive and intricate air--blood barrier is exposed to mechanical stress[5](#biot201700341-bib-0005){ref-type="ref"} and inhaled air (around 10.000 L day^−1^) containing particles ranging from pollutants to allergens or infectious agents. The activation level of the resident alveolar immune cells such as macrophages[6](#biot201700341-bib-0006){ref-type="ref"} and dendritic cells, in concert with the lung epithelium,[7](#biot201700341-bib-0007){ref-type="ref"} decide if and how such inhaled agents induce a systemic or just a local immune response ("keep calm"). In cases of systemic activation, recruitment of further immune cells including polymorphonuclear granulocytes,[8](#biot201700341-bib-0008){ref-type="ref"} monocytes,[9](#biot201700341-bib-0009){ref-type="ref"} or T lymphocytes[10](#biot201700341-bib-0010){ref-type="ref"} contribute to combat the perturbing agents. Notably, certain circumstances, such as severe pneumonia, may lead to inadequate or overwhelming activation of such resident lung cells triggering a deleterious pro‐inflammatory cascade significantly contributing to the development of life‐threatening acute lung injury.[11](#biot201700341-bib-0011){ref-type="ref"} As there are major physiological differences between most animal lungs and human lungs, and animal models are unable to completely recapitulate human disease, ex vivo three‐dimensional (3D) human lung models are required and helpful for understanding the underlying molecular and cellular events and mechanisms of such diseases in a functional, spatial, and timely manner.

1.1. Why Investigate Living Human Lung Tissue and Primary Human Cells of the Lung? {#biot201700341-sec-0003}
----------------------------------------------------------------------------------

There is a high social and medical need for a better understanding of human lung diseases. This is because lower respiratory tract infections, chronic obstructive pulmonary disease (COPD), lung cancer, and tuberculosis belong to the ten most common causes of death worldwide.[12](#biot201700341-bib-0012){ref-type="ref"}, [13](#biot201700341-bib-0013){ref-type="ref"} A study analyzing the global burden of pneumonia for 2010 estimated about 120 million episodes occurring in children younger than 5 years. Of those, around 14 million progressed to severe pneumonia, causing about 1.3 million deaths.[14](#biot201700341-bib-0014){ref-type="ref"} Furthermore, a study estimating the global burden of COPD for the same year identified more than 230 million cases among urban dwellers, and 153.7 million among rural dwellers worldwide, thereby providing an overview of the high prevalence of lung diseases in the population.[15](#biot201700341-bib-0015){ref-type="ref"} Additionally, diseases such as asthma also affect millions of people worldwide and show likewise an increasing prevalence. Although mortality due to asthma has decreased over the last decades, no curative therapy is available and personal constraints in daily life activities persist.[16](#biot201700341-bib-0016){ref-type="ref"}, [17](#biot201700341-bib-0017){ref-type="ref"} Lung cancer is still the leading cause of cancer‐related deaths world‐wide.[18](#biot201700341-bib-0018){ref-type="ref"} Models, which more accurately reflect human lung cancer could help aid in our understanding of the deranged signaling networks and help identify and validate new potential therapies. Taken together, there is a high global burden of lung diseases ranging from the economic to the individual level[19](#biot201700341-bib-0019){ref-type="ref"} and a prerequisite to understand these diseases and to identify novel treatment options is the creation and validation of more complex models with multiple readout options that better mimic physiologic tissues and accurately reflect the clinical situation.

One could argue that the use of immortalized cell lines and animal models with rodents should reveal the essential information to understand and treat human lung disease. While there is no doubt that these techniques and approaches have helped to make major contributions to the field. The scientific community is increasingly recognizing that these models and their outcomes suffer from serious limitations. It is estimated that over 80% of the potential therapeutics deemed to be safe and effective in animals fail in humans due to non‐rigorous study design, which raises ethical concerns with regard to the sacrificed animals as well as the patients, who receive ineffective agents with potential side‐effects.[20](#biot201700341-bib-0020){ref-type="ref"} Moreover, lung anatomy, cellular composition, or molecular responses in man significantly differ from widely used animal models, such as rodents.[21](#biot201700341-bib-0021){ref-type="ref"}, [22](#biot201700341-bib-0022){ref-type="ref"}, [23](#biot201700341-bib-0023){ref-type="ref"} For instance, chronic bronchitis and COPD are characterized both by excessive mucus production. However, in contrast to humans, bronchial glands of mice and rats anatomically localize only to the proximal trachea making it difficult to reproduce this particular disease aspect.[24](#biot201700341-bib-0024){ref-type="ref"} In parallel to these challenges, current attempts to simulate the effect of cigarette smoke, air pollution, and lung cancer induction in animal models are limited in multiple ways by such basic animal‐human differences.[22](#biot201700341-bib-0022){ref-type="ref"}, [25](#biot201700341-bib-0025){ref-type="ref"}, [26](#biot201700341-bib-0026){ref-type="ref"}, [27](#biot201700341-bib-0027){ref-type="ref"}, [28](#biot201700341-bib-0028){ref-type="ref"} Therefore, a vigorous debate has arisen in the last decade regarding the predictive value of mouse models in inflammatory diseases, across many diseases and organs.[29](#biot201700341-bib-0029){ref-type="ref"}, [30](#biot201700341-bib-0030){ref-type="ref"}

In that context, another intriguing example for the need to use primary human lung samples are emerging zoonotic infections such as Severe Acute Respiratory Syndrome (SARS), Middle East Respiratory Syndrome (MERS), or new influenza A virus (IAV) pandemics. Several animal models are naturally not permissive to these severe infections or need virus adaption to the animal host by serial passaging, thereby affecting viral pathogenicity. Animal models often need transgenic expression of human receptors (e.g., human angiotensin I converting enzyme 2 (ACE2) for SARS coronavirus (CoV), or human dipeptidyl peptidase 4 (DPP4) for MERS CoV), or simply do not reflect the clinical course of the disease in humans.[31](#biot201700341-bib-0031){ref-type="ref"}, [32](#biot201700341-bib-0032){ref-type="ref"} Furthermore, an inherent characteristic of a zoonosis is its specific occurrence between a distinct animal species and the human host. Species specific factors, but mostly unknown factors from both, the pathogen and the host, determine the zoonotic axis. Therefore, the investigation of fundamental factors defining how a pathogen crosses the species barrier must include material and infection models from these "zoonotic partner species" itself, meaning in the local context such as the human lung.[33](#biot201700341-bib-0033){ref-type="ref"} Although such complex human lung tissue models suffer from physiological limitations, it is obviously purposeful to make efforts toward analyzing the fundamentals of lung biology in the original tissue of interest. This tissue can be used to mimic the various diseases and even to elaborately analyze diseased tissue biopsies, which can serve as models themselves. In addition, the currently established human in vitro models require further improvement. For example, culture medium‐submerged bronchial lung epithelia cells lack cilia and hardly form the tight junctions typically expressed in vivo and observed in air--liquid interface cultures.[34](#biot201700341-bib-0034){ref-type="ref"} There is thus a need to recapitulate the complex 3D structure and matrix of the lung tissue with a suitable cell mixture[35](#biot201700341-bib-0035){ref-type="ref"} to establish an appropriate intercellular network.[36](#biot201700341-bib-0036){ref-type="ref"} Besides those integrated models, human clonal or primary cells are useful for dissecting fundamental aspects of the biology of a single lung cell population in vitro, which is indispensable to complement the understanding of species specific signaling pathways.

In conclusion, the high medical need together with fundamental methodological considerations substantiate the necessity for development of human‐based disease models for acute and chronic lung diseases. For this purpose, recently developed techniques now allow for innovative and more meaningful investigation of 3D human lung tissue. This review will outline some examples of the models, applications developed to date, and will discuss further directions of improvement.

2. Existing Co‐Cultures and 3D Models For Pulmonary Research {#biot201700341-sec-0004}
============================================================

Some major aspects of advantages as well as disadvantages of the different models presented below are summarized in Table [1](#biot201700341-tbl-0001){ref-type="table"}.

###### 

Advantages and disadvantages of 3D models

  Model                                         Advantages                                                                                                                       Disadvantages                                                                    Ref.
  --------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Air‐liquid‐interface                          *Self‐made*:                                                                                                                     *Self‐made*:                                                                     [42](#biot201700341-bib-0042){ref-type="ref"}, [43](#biot201700341-bib-0043){ref-type="ref"}, [44](#biot201700341-bib-0044){ref-type="ref"}, [51](#biot201700341-bib-0051){ref-type="ref"}, [52](#biot201700341-bib-0052){ref-type="ref"}, [53](#biot201700341-bib-0053){ref-type="ref"}, [54](#biot201700341-bib-0054){ref-type="ref"}, [55](#biot201700341-bib-0055){ref-type="ref"}, [56](#biot201700341-bib-0056){ref-type="ref"}
                                                • Long‐term cultivation (weeks to months)                                                                                        • Lack of complexity                                                             
                                                • Opportunity for direct application of substances                                                                               *Commercially available*:                                                        
                                                • Perfusion possible                                                                                                             • Lack of modifiability                                                          
                                                • Great variety of functional studies                                                                                                                                                                             
                                                • Simulating breathing motions of the lung                                                                                                                                                                        
                                                *Commercially available*:                                                                                                                                                                                         
                                                • High data reproducibility                                                                                                                                                                                       
                                                • Low batch‐to‐batch variabilities                                                                                                                                                                                
                                                • Well characterized                                                                                                                                                                                              
                                                • Can be provided mimicking several pathologies                                                                                                                                                                   
                                                • Long‐term cultivation (up to 12 months)                                                                                                                                                                         
                                                                                                                                                                                                                                                                  
  Spheroids                                     • Simple                                                                                                                         • High shear force                                                               [45](#biot201700341-bib-0045){ref-type="ref"}, [47](#biot201700341-bib-0047){ref-type="ref"}, [48](#biot201700341-bib-0048){ref-type="ref"}
                                                • Allows co‐culture with different cell types                                                                                    • Long term culture difficult (hours to days)                                    
                                                                                                                                                                                                                                                                  
  Lung tissue explants                          • Model cellular and molecular interplay                                                                                         • Short term cultivation (up to 96 h)                                            [71](#biot201700341-bib-0071){ref-type="ref"}, [72](#biot201700341-bib-0072){ref-type="ref"}, [74](#biot201700341-bib-0074){ref-type="ref"}
                                                • Characterization of resident innate immune events                                                                              • No immune cell recruitment                                                     
                                                • Live cell imaging possible                                                                                                     • No systemic perfusion                                                          
                                                • Genetic modifications become possible                                                                                          • No ventilation                                                                 
                                                                                                                                                                                 • Genetic modifications still difficult                                          
                                                                                                                                                                                                                                                                  
  Precision cut lung slices                     • Long‐term cultivation (up to 1 week)                                                                                           • Flushing with low melting point agarose necessary                              [75](#biot201700341-bib-0075){ref-type="ref"}, [76](#biot201700341-bib-0076){ref-type="ref"}, [136](#biot201700341-bib-0136){ref-type="ref"}, [158](#biot201700341-bib-0158){ref-type="ref"}
                                                • Retain cellular and structural organization of the lung                                                                        • Others as above in lung tissue explants                                        
                                                                                                                                                                                 • Generation of PCLS from diseased tissue is challenging                         
                                                                                                                                                                                                                                                                  
  Bronchial rings                               • Direct investigation of bronchial physiological responses‐, e.g., contraction‐pharmacological controllability                  • Short term cultivation (hours to days)                                         [77](#biot201700341-bib-0077){ref-type="ref"}, [78](#biot201700341-bib-0078){ref-type="ref"}, [79](#biot201700341-bib-0079){ref-type="ref"}, [80](#biot201700341-bib-0080){ref-type="ref"}, [81](#biot201700341-bib-0081){ref-type="ref"}, [83](#biot201700341-bib-0083){ref-type="ref"}, [84](#biot201700341-bib-0084){ref-type="ref"}, [85](#biot201700341-bib-0085){ref-type="ref"}, [86](#biot201700341-bib-0086){ref-type="ref"}
                                                                                                                                                                                 • Technically cultivation circuits necessary                                     
                                                                                                                                                                                                                                                                  
  Ex vivo perfused and ventilated human lungs   • Investigation of lung edema formation, oxygenation capacity, vascular reactivity, bacterial infection, and stem cell therapy   • Limited available                                                              [87](#biot201700341-bib-0087){ref-type="ref"}, [88](#biot201700341-bib-0088){ref-type="ref"}, [89](#biot201700341-bib-0089){ref-type="ref"}, [90](#biot201700341-bib-0090){ref-type="ref"}, [91](#biot201700341-bib-0091){ref-type="ref"}, [92](#biot201700341-bib-0092){ref-type="ref"}, [93](#biot201700341-bib-0093){ref-type="ref"}, [94](#biot201700341-bib-0094){ref-type="ref"}
                                                                                                                                                                                 • Technically elaborated                                                         
                                                                                                                                                                                 • Cultivated so far for only several hours                                       
                                                                                                                                                                                                                                                                  
  Scaffold based models                         • Maintain characteristics of their respective disease pathologies                                                               • Cells are seeded in two or three dimensions                                    [95](#biot201700341-bib-0095){ref-type="ref"}, [96](#biot201700341-bib-0096){ref-type="ref"}, [97](#biot201700341-bib-0097){ref-type="ref"}, [98](#biot201700341-bib-0098){ref-type="ref"}, [99](#biot201700341-bib-0099){ref-type="ref"}, [100](#biot201700341-bib-0100){ref-type="ref"}, [105](#biot201700341-bib-0105){ref-type="ref"}
                                                • Physiologic seeding of cells into either the airway or vascular compartments with an artificial pleura                         • Initial cell seeding is stochastic                                             
                                                • Able to recapitulate the heterogeneity of human disease                                                                        • Limited access to nutrients and oxygen in the inner portions of the scaffold   
                                                • Cultivation for up to 1 month                                                                                                                                                                                   
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2.1. In Vitro Models Originating From Primary Cells and Immortalized Cell Lines {#biot201700341-sec-0005}
-------------------------------------------------------------------------------

The use of human lung tissue shown in this review was approved by the ethics committee of the Charite Universitätsmedizin Berlin (projects: EA2/050/08 and EA2/023/07); written informed consent from all patients was obtained. Over the last decades, tissue engineering approaches have made tremendous progress. Several in vitro models for studying inhalation toxicity or diseases have been established, which aim to improve our understanding of (patho‐)physiological processes and to provide novel and more reliant experimental systems for pharmacological and toxicological studies. Currently, in vitro lung models of all important segments of the respiratory system are available, starting from the nasal cavity and trachea down to the proximal and distal airways.[37](#biot201700341-bib-0037){ref-type="ref"} Cell culture models of human lung epithelium are based either on primary cells including normal human (trachea) bronchial epithelial cells (NH(T)BEC)), AEC, induced pluripotent stem cell (iPSC) derived epithelial cells,[38](#biot201700341-bib-0038){ref-type="ref"}, [39](#biot201700341-bib-0039){ref-type="ref"} or are generated using cell lines. iPSC derived epithelial cell organoids from patients with lung diseases, such as cystic fibrosis, or cells manipulated in vitro through gene editing have been recently shown to recapitulate functions known to be deranged in human lung disease. iPSC derived lung bud organoids have also been recently used for studying respiratory syncytial viral infection.[39](#biot201700341-bib-0039){ref-type="ref"} These models thus provide an opportunity to identify new treatments or to further understand the underlying biology of human disease. The most commonly used lung epithelial cell lines are Calu‐3, H441, 16HBE14o‐, and A549. These cell lines offer several advantages over primary cells such as almost unlimited cell source and passaging. However, they suffer from distinct limitations such as the lack of mucus production for 16HBE14o‐or absent tight junction formation for A549.[40](#biot201700341-bib-0040){ref-type="ref"} To induce cell differentiation, cells are typically cultured on biocompatible scaffolds or matrices to mimic the natural environment. The matrices can consist of natural (e.g., collagen, gelatin, elastin, alginate, silk, Matrigel®) or synthetic compounds (e.g., polyglycolic acid, polylactic acid, polyethylene glycol, polyvinyl alcohol, polyacrylic acid).[41](#biot201700341-bib-0041){ref-type="ref"} An important step for improving the physiological relevance of these models is the culture of lung epithelial cells at the air--liquid‐interface (ALI), since increased oxygen and air exposure play crucial roles for the development of a well‐differentiated barrier.[42](#biot201700341-bib-0042){ref-type="ref"} Bronchial epithelial cells cultured under ALI conditions develop a three‐dimensional, multi‐cellular epithelium comprised of basal cells as well as ciliated surface cells and goblet cells, whereas submerged cultures express substantially fewer ciliated cells.[43](#biot201700341-bib-0043){ref-type="ref"} Additionally, ALI cultures offer the opportunity for direct application of aerosols or solid particles onto semi‐dry cell surfaces, more closely resemble the in vivo situation and can be kept in culture for several month.[44](#biot201700341-bib-0044){ref-type="ref"}

In addition to the use of primary and immortalized cells for modeling normal cell biology, tumor models using human cells have become important tools for cancer research. Their complexity is dependent on the objectives and research questions. Tumor models have been developed to provide insight into, e.g., tumor growth, invasion, matrix remodeling, or drug delivery. Many lung tumor studies use spheroid models for therapeutic screening where clusters of cells undergo self‐assembly to form viable, 3D tumor‐like structures. Spheroids can be generated using low attachment U‐bottom plates,[45](#biot201700341-bib-0045){ref-type="ref"} extracellular matrices (Matrigel^TM^),[46](#biot201700341-bib-0046){ref-type="ref"} rotatory cell culture systems or the hanging drop method.[47](#biot201700341-bib-0047){ref-type="ref"} Hanging drops can be used to produce 3D mono‐ and co‐culture spheroids for a better reflection of in vivo conditions of cancer cells to investigate, e.g., tumor‐stroma interactions.[48](#biot201700341-bib-0048){ref-type="ref"} The culture time depends on the cell type and the experimental question. Small spheroids have been used for drug testing and large to recapitulate oxygen gradients with hypoxic regions or proliferation gradients. More complex models of lung cancer and tumors have been established to serve as tools to identify new drug targets. Three‐dimensional decellularized tissue matrix derived from rodent lungs have been recellularized with human lung cancer cell lines to provide a perfusable tumor model.[49](#biot201700341-bib-0049){ref-type="ref"} Alternatively, a 3D collagen gel based model has been described which contains human lung adenocarcinoma cells, human lung fibroblast cells, and macrophages.[50](#biot201700341-bib-0050){ref-type="ref"}

Several research groups have established 3D airway models for pulmonary research consisting of undifferentiated NHTB/biliary epithelial cells (BEC).[51](#biot201700341-bib-0051){ref-type="ref"}, [52](#biot201700341-bib-0052){ref-type="ref"} Besides the use of in‐house‐models, well characterized, fully differentiated and standardized 3D human airway models are commercially available offering the major advantage of higher data reproducibility due to lower batch‐to‐batch variabilities. These models are used for a wide range of applications including safety and risk assessment and research on, e.g., new anti‐viral compounds, drug delivery systems, or common lung diseases such as inflammation and fibrosis. EpiAirway® (MatTek Corp., MA, USA) and MucilAir™ (Epithelix Sàrl, Suisse) are composed of normal NHTB/BEC from non‐smokers, but epithelium mimicking several pathologies like asthma, COPD, or cystic fibrosis can also be obtained. OncoCilAir™ (Epithelix Sàrl, Suisse) is a 3D human lung cancer model combining functional reconstituted human airway epithelium, human lung fibroblasts, and lung adenocarcinoma cells which can be used for drug efficacy testing, toxicity effects, analyzing off‐target‐effects, and tumor recurrence. A major advantage of these models is their ability to be cultured for long‐term. For example, OncoCilAir™ and EpiAirway® have a useful lifetime for up to 3 months, whereas MucilAir™ can be cultivated up to 12 months, allowing long‐term and repeat toxicity and efficacy studies. The main disadvantages of commercial models are the lack of complexity and ability to be customized for particular applications. In this regard, in‐house models offer more flexibility, particularly with regard to cell selection or cell manipulation like genetic modifications via gene knockdown or knockout.[53](#biot201700341-bib-0053){ref-type="ref"} Moreover, endothelial cells can be implemented to mimic the alveolar‐capillary barrier[54](#biot201700341-bib-0054){ref-type="ref"}, [55](#biot201700341-bib-0055){ref-type="ref"} or the models can be co‐cultured with dendritic cells and/or macrophages to generate immunocompetent tissues allowing more detailed studies of lung (patho‐)physiology.[35](#biot201700341-bib-0035){ref-type="ref"}, [56](#biot201700341-bib-0056){ref-type="ref"}, [57](#biot201700341-bib-0057){ref-type="ref"} The implementation of immune cells, however, is a challenging approach and requires extensive research efforts to develop reliable and predictive models closely resembling the in vivo situation.

Besides the above‐mentioned modification of including more cell populations in those models, a further area of improvement is the application of physical forces and motion to the culture systems. Benam et al.[58](#biot201700341-bib-0058){ref-type="ref"} presented a system in which human lung bronchial epithelial cells (from healthy individuals or asthma and COPD patients), differentiated in an ALI culture and grown on an extracellular matrix (ECM) coated dimethylsiloxane membrane, were integrated in a microfluidic system with cultured human endothelial cells on the lower side. The endothelial channel is perfused by culture medium. The culture of patient‐derived airway cells in combination with the application of stimulating agents via the airflow or the perfusion channel (so via the vascular route) allowed for a great variety of functional studies including, e.g., the recruitment of immune cells from the bloodstream into the airways. The same group used this experimental setup to model the alveolar region of the lung.[59](#biot201700341-bib-0059){ref-type="ref"}, [60](#biot201700341-bib-0060){ref-type="ref"}, [61](#biot201700341-bib-0061){ref-type="ref"} By integrating a flexible membrane and a two side hollow chamber they induce stretching of both the epithelial cells grown on the upper side and the endothelial cells grown on the bottom side of the membrane, thereby simulating breathing motions of the lung. Notably, in this model, human alveolar cells were exposed to an airstream and thus cultured in ALI conditions (alias "lung‐on‐chip"). These systems are now commercialized (Emulate, Inc., Boston, MA, USA) and thus may be available in the future for a range of applications. To this end, varieties of human 3D models of different complexity based on in vitro culture of lung cells are now available.

2.2. Ex Vivo Models {#biot201700341-sec-0006}
-------------------

Beside the development of various in vitro 3D models mimicking the upper and lower human respiratory tract, the e*x vivo* culturing of human lung tissue enables a broad spectrum of investigation in the dynamic context of the native organ‐specific 3D structure (especially in the alveolar compartment) benefiting from controlled experimental conditions as well as the representation of natural patient heterogeneity. Early studies used direct post‐surgical snap frozen or homogenized human lung tissue specimens for the analytical determination of molecular markers,[62](#biot201700341-bib-0062){ref-type="ref"} antibiotic metabolism,[63](#biot201700341-bib-0063){ref-type="ref"} or pathogen detection.[64](#biot201700341-bib-0064){ref-type="ref"} However, these experimental approaches are excluded from ex vivo lung modeling discussed here, due to the lack of ex vivo cultivation and stimulation. The majority of tissue explants studied in the literature are based on tissue pieces obtained from thoracic surgery, mostly due to different types of lung carcinoma. In addition, complete lobectomy or pneumonectomy explants as well as whole lungs unsuitable for transplantation are used.

Due to limited experience and techniques available for cell culture, initial studies investigated short‐term human lung tissue cultures (for several hours) in saline media, e.g., the identification of mediator release such as colony stimulating activities.[65](#biot201700341-bib-0065){ref-type="ref"} Although limited by the short time of tissue culture possible in the 1970s, the group of Austen et al. were already able to investigate the role of histamine in anaphylaxis in a series of elegant studies, thereby indicating the power of this experimental approach.[66](#biot201700341-bib-0066){ref-type="ref"}, [67](#biot201700341-bib-0067){ref-type="ref"}, [68](#biot201700341-bib-0068){ref-type="ref"}, [69](#biot201700341-bib-0069){ref-type="ref"}, [70](#biot201700341-bib-0070){ref-type="ref"}

Currently, following pathological examination, the tissue is typically transferred into the research units within a few hours, where manual preparation into smaller pieces differing in size (1 mm^3^--10 cm^3^) or weight (0.5 μg--2 g) can occur. The culture time for lung tissue explants is up to 96 h.[71](#biot201700341-bib-0071){ref-type="ref"}, [72](#biot201700341-bib-0072){ref-type="ref"}, [73](#biot201700341-bib-0073){ref-type="ref"}, [74](#biot201700341-bib-0074){ref-type="ref"} For generation of precision cut lung slices (PCLS) the obtained tissue is gently inflated with lung slice medium, composed of cultivation medium, certain supplements, and low melting point agarose; the latter allows production of lung sections of defined thickness (100--500 μm) using a microtome (e.g., Krumdieck tissue slicer or a vibratome).[75](#biot201700341-bib-0075){ref-type="ref"}, [76](#biot201700341-bib-0076){ref-type="ref"} Depending on size or weight, generated specimens are cultivated in tissue culture plates varying in size or tissue culture flasks, with the appropriate amount of classical cell culture medium (such as RPMI‐1640, CMRL‐166, or MEM) for up to one week. Culture media and its supplementation differs considerably between research groups; and varying amounts of antibiotics, antifungal drugs, glutamine, fetal calf serum, or bovine serum albumin are used in the studies. Typically, tissue is washed for several times in culture media followed by an overnight incubation before stimulation with, e.g., drugs, pathogens, or other stimuli of interest.

Some laboratories are particularly interested in the responses of larger airways and thus explore bronchial rings, prepared from lung tissue specimens, by applying similar culture conditions as for peripheral lung parenchyma (e.g.,[77](#biot201700341-bib-0077){ref-type="ref"}, [78](#biot201700341-bib-0078){ref-type="ref"}, [79](#biot201700341-bib-0079){ref-type="ref"}, [80](#biot201700341-bib-0080){ref-type="ref"}). However, in most studies investigators used shorter periods of bronchial ring cultivation (e.g., 1 day) than in studies testing peripheral alveolar lung tissue. They cultured the human bronchial rings in special organ chambers coupled to mechanical transducers[81](#biot201700341-bib-0081){ref-type="ref"} or electric field stimulation[82](#biot201700341-bib-0082){ref-type="ref"} allowing for the investigation of "classical" physiological responses of the bronchi, such as bronchoconstriction. Consequently, many studies focused on, e.g., pharmacological interventions or the identification of bronchial contractility‐mediating substances (e.g.,[81](#biot201700341-bib-0081){ref-type="ref"}, [82](#biot201700341-bib-0082){ref-type="ref"}, [83](#biot201700341-bib-0083){ref-type="ref"}, [84](#biot201700341-bib-0084){ref-type="ref"}, [85](#biot201700341-bib-0085){ref-type="ref"}, [86](#biot201700341-bib-0086){ref-type="ref"}).

A small number of groups investigated isolated, ex vivo perfused, and ventilated human lungs or lobes.[87](#biot201700341-bib-0087){ref-type="ref"}, [88](#biot201700341-bib-0088){ref-type="ref"}, [89](#biot201700341-bib-0089){ref-type="ref"}, [90](#biot201700341-bib-0090){ref-type="ref"}, [91](#biot201700341-bib-0091){ref-type="ref"}, [92](#biot201700341-bib-0092){ref-type="ref"}, [93](#biot201700341-bib-0093){ref-type="ref"}, [94](#biot201700341-bib-0094){ref-type="ref"} In these models, lung tissue was perfused via the cannulated pulmonary artery with cell free perfusion media, with cell‐containing (e.g., diluted whole human blood preparations) solutions,[90](#biot201700341-bib-0090){ref-type="ref"}, [91](#biot201700341-bib-0091){ref-type="ref"}, [92](#biot201700341-bib-0092){ref-type="ref"} or solutions for lung preservation during transport before transplantation.[87](#biot201700341-bib-0087){ref-type="ref"}, [93](#biot201700341-bib-0093){ref-type="ref"}, [94](#biot201700341-bib-0094){ref-type="ref"} The lungs were ventilated via the natural airways for up to 24 h. Such limited available and technically elaborated models allow for the investigation of lung edema formation,[89](#biot201700341-bib-0089){ref-type="ref"}, [90](#biot201700341-bib-0090){ref-type="ref"}, [91](#biot201700341-bib-0091){ref-type="ref"}, [92](#biot201700341-bib-0092){ref-type="ref"} oxygenation capacity, vascular reactivity, bacterial infection,[91](#biot201700341-bib-0091){ref-type="ref"} and innovative therapeutic approaches such as stem cell therapies.[90](#biot201700341-bib-0090){ref-type="ref"}, [91](#biot201700341-bib-0091){ref-type="ref"}, [92](#biot201700341-bib-0092){ref-type="ref"} These examples demonstrate that there are multiple, scalable approaches of different complexity to use living human lung tissue in its original tissue architecture for experimental research and testing of new clinical interventions.

2.3. De‐Re‐Cellularization Models {#biot201700341-sec-0007}
---------------------------------

Recently, the use of acellular lung tissue (also referred to as decellularized) has emerged as a novel in vitro/ex vivo model system to study ECM interactions in the context of normal and diseased repair and regeneration. Acellular patient‐derived lung scaffolds were shown to retain unique, individual protein compositions as well as disease‐specific differences, as most comprehensively assessed by mass spectrometry proteomic analysis.[95](#biot201700341-bib-0095){ref-type="ref"}, [96](#biot201700341-bib-0096){ref-type="ref"}, [97](#biot201700341-bib-0097){ref-type="ref"} In addition to normal lungs, lungs derived from scleroderma, idiopathic pulmonary fibrosis (IPF), and COPD patients have all been decellularized to date and have been shown to maintain characteristics (composition and structure) of their respective disease pathologies for up to 1 month.[95](#biot201700341-bib-0095){ref-type="ref"}, [96](#biot201700341-bib-0096){ref-type="ref"}, [98](#biot201700341-bib-0098){ref-type="ref"}

Acellular lung scaffolds can be generated from entire lungs, individual lobes, or small‐dissected segments and modifications might be necessary for decellularizing diseased scaffolds.[95](#biot201700341-bib-0095){ref-type="ref"}, [97](#biot201700341-bib-0097){ref-type="ref"}, [99](#biot201700341-bib-0099){ref-type="ref"}, [100](#biot201700341-bib-0100){ref-type="ref"}, [101](#biot201700341-bib-0101){ref-type="ref"} For both entire lungs and individual lobes, decellularization has been achieved via perfusion of decellularization solutions such as detergents, hypo/hypertonic solutions, and DNase through either the vasculature or both the vasculature and airways. Once decellularized, scaffolds can be recellularized with either primary stem and progenitor cells,[96](#biot201700341-bib-0096){ref-type="ref"}, [97](#biot201700341-bib-0097){ref-type="ref"}, [102](#biot201700341-bib-0102){ref-type="ref"}, [103](#biot201700341-bib-0103){ref-type="ref"} induced pluripotent stem cells (iPS),[104](#biot201700341-bib-0104){ref-type="ref"} or immortalized cell lines.

Since the recellularization of entire lobes is costly, there are generally three techniques that are used to re‐introduce cells into acellular lung scaffolds. The most common method is the generation of thin slices of decellularized tissue, followed by direct application of cells.[95](#biot201700341-bib-0095){ref-type="ref"}, [98](#biot201700341-bib-0098){ref-type="ref"}, [99](#biot201700341-bib-0099){ref-type="ref"} This method is arguably the simplest to perform and allows for high throughput studies from a single acellular scaffold. However, it suffers from the fact that cells are seeded in two dimensions and the initial cell seeding is thought to be stochastic (e.g., cells randomly attach to the upper surface of the slice with no documented preference for adhering to the physiologic compartment corresponding to the cells in vivo location). Alternatively, cell suspensions can be injected into dissected decellularized tissue segments (∼3 cm^3^), and then further processed into thin slices.[105](#biot201700341-bib-0105){ref-type="ref"} If segments are not further sliced, cells in the inner portions of the scaffold will have limited access to nutrients and oxygen. The third high throughput method of recellularization allows for physiologic seeding of cells into either the airway or vascular compartments with an artificial pleura.[96](#biot201700341-bib-0096){ref-type="ref"}, [97](#biot201700341-bib-0097){ref-type="ref"}, [103](#biot201700341-bib-0103){ref-type="ref"}

Primary human fibroblasts seeded on acellular lung scaffolds derived from patients with IPF were found to obtain a myofibroblast phenotype, as assessed by α‐smooth muscle actin (α‐SMA) expression.[95](#biot201700341-bib-0095){ref-type="ref"} In a follow up study, it was determined that the matrix, in which cells were seeded, played a more significant role in determining cell fate than the source of the cells (i.e., normal versus IPF).[106](#biot201700341-bib-0106){ref-type="ref"} Immortalized cells such as human fibroblasts (MRC5) have also been seeded onto normal acellular human scaffolds and stimulated with recombinant CHI3L (a prototypic chitinase like protein) to induce α‐SMA expression and a contractile phenotype.[107](#biot201700341-bib-0107){ref-type="ref"} In addition to their usage in IPF research, acellular lung scaffolds derived from COPD patients have also been used. Cells seeded onto COPD scaffolds were unable to survive as long as they did on scaffolds derived from normal patients.[96](#biot201700341-bib-0096){ref-type="ref"} These cells were all grown under conditions known to stimulate proliferation in two dimensions on tissue culture plastic. This indicates that either the matrix itself or a component in the matrix/scaffold suppressed proliferation or enhanced cell death. In both instances, the findings in vitro match known hallmarks of human disease. However, it is important to note that mass spectrometry proteomics consistently detects a large number of non‐ECM components in acellular human lung scaffolds from both normal and diseased origin, many of which are growth factors known to be involved in disease onset and pathogenesis.[95](#biot201700341-bib-0095){ref-type="ref"} Therefore, acellular scaffolds and results from these experiments should not only be viewed as models of cell‐ECM interactions but should be interpreted as being models of the extracellular environment of normal or diseased lungs, including matrix sequestered growth factors. Their ability to recapitulate the heterogeneity of human disease in an in vivo like environment makes acellular human lung scaffolds a powerful in vitro tool for studying human disease.

3. Modeled Diseases {#biot201700341-sec-0008}
===================

Most of the above‐mentioned human‐based ex vivo models are characterized by a relatively short culture period. Researchers thus concentrate their use of these systems on the investigation of rapid (seconds to hours) or short‐term (within days) responses. In asthma research, PCLS are used extensively for the investigation of new drugs or interventions interfering with bronchial constriction.[108](#biot201700341-bib-0108){ref-type="ref"}, [109](#biot201700341-bib-0109){ref-type="ref"}, [110](#biot201700341-bib-0110){ref-type="ref"}, [111](#biot201700341-bib-0111){ref-type="ref"}, [112](#biot201700341-bib-0112){ref-type="ref"} Noteworthy, carefully done studies point to remarkable differences between mice and man[113](#biot201700341-bib-0113){ref-type="ref"} with respect to the regulation of bronchial constriction.[114](#biot201700341-bib-0114){ref-type="ref"}, [115](#biot201700341-bib-0115){ref-type="ref"} Although very costly, work‐intensive, and of enormous importance for the estimation of the potential translational impact of studies using mice as a model in asthma research, scientific journals often do not adequately honor such work using human material or models alone.

Many studies use ALI cultures[116](#biot201700341-bib-0116){ref-type="ref"}, [117](#biot201700341-bib-0117){ref-type="ref"}, [118](#biot201700341-bib-0118){ref-type="ref"}, [119](#biot201700341-bib-0119){ref-type="ref"}, [120](#biot201700341-bib-0120){ref-type="ref"}, [121](#biot201700341-bib-0121){ref-type="ref"} and explanted human lung tissue[72](#biot201700341-bib-0072){ref-type="ref"}, [74](#biot201700341-bib-0074){ref-type="ref"}, [122](#biot201700341-bib-0122){ref-type="ref"}, [123](#biot201700341-bib-0123){ref-type="ref"}, [124](#biot201700341-bib-0124){ref-type="ref"}, [125](#biot201700341-bib-0125){ref-type="ref"} for the investigation of lung tissue infection and inflammation. For example, our own work has assessed viral replication, cellular tropism of viruses as well as the induction of mediator release by the host tissue. The use of original human lung tissue is of particular importance for the estimation of the actual zoonotic potential of an emerging virus.[72](#biot201700341-bib-0072){ref-type="ref"}, [122](#biot201700341-bib-0122){ref-type="ref"}, [125](#biot201700341-bib-0125){ref-type="ref"} Furthermore, in some cases such as MERS coronavirus, no meaningful animal model is available[31](#biot201700341-bib-0031){ref-type="ref"}, [32](#biot201700341-bib-0032){ref-type="ref"} or (as for pneumococci) humans are the sole natural host of a pathogen.[126](#biot201700341-bib-0126){ref-type="ref"}, [127](#biot201700341-bib-0127){ref-type="ref"} To this end, original patient‐derived viral and bacterial strains and thereon based mutants are indispensible models to assess the impact of different wild‐type strains and specific virulence factors on pathogen replication and tissue infection as well as its resulting affection.[71](#biot201700341-bib-0071){ref-type="ref"}, [72](#biot201700341-bib-0072){ref-type="ref"}, [122](#biot201700341-bib-0122){ref-type="ref"}, [125](#biot201700341-bib-0125){ref-type="ref"} New pharmacological interventions, ranging from antivirals to antibiotics or host tissue‐based manipulations have been tested as well.

Recurrent infections are considered as an important disease‐accelerating factor in COPD, and thus researchers have compared the effect of infection on ALI cultures derived from healthy humans or COPD patients.[128](#biot201700341-bib-0128){ref-type="ref"}, [129](#biot201700341-bib-0129){ref-type="ref"}, [130](#biot201700341-bib-0130){ref-type="ref"}, [131](#biot201700341-bib-0131){ref-type="ref"} The alteration of lung epithelial function in PCLS or ALI cultures by toxic inhaled pollutants such as cigarette smoke or diesel exhaust is also an expanding area of research on original human material in the COPD field.[130](#biot201700341-bib-0130){ref-type="ref"}, [132](#biot201700341-bib-0132){ref-type="ref"}, [133](#biot201700341-bib-0133){ref-type="ref"} Studies range from the observation of acute effects to the investigation of epithelial dedifferentiation and mesenchymal transition.[134](#biot201700341-bib-0134){ref-type="ref"}

These studies relate to those that focus on the investigation of the toxic potential of inhaled substances in human lung tissue per se.[135](#biot201700341-bib-0135){ref-type="ref"}, [136](#biot201700341-bib-0136){ref-type="ref"} Again, the comparison of results obtained in original human material with results in animal models is of great importance to estimate the validity of data from the respective models for the human population. Fewer studies based on human material and not on animals have investigated lung cancer[137](#biot201700341-bib-0137){ref-type="ref"} and in vitro models of solid tumors vary in complexity. Furthermore, in silico models and computer‐based systems to analyze CT scans to improve cancer diagnosis[138](#biot201700341-bib-0138){ref-type="ref"}, [139](#biot201700341-bib-0139){ref-type="ref"} may be used with 3D models in the future for drug efficacy testing or to mimic, e.g., tumor invasion related processes or matrix remodeling. These have only been investigated in a handful of studies using original human tissue or patient tumor--derived cells[140](#biot201700341-bib-0140){ref-type="ref"} thus far.

Overall, these briefly reviewed examples already indicate that these models are of great value for human‐related lung research.

4. Current Limitations of the Ex Vivo/In Vitro Models {#biot201700341-sec-0009}
=====================================================

Despite several advantages, which have been highlighted before, the proposed ex vivo/in vitro approaches have clear limitations, which need to be considered carefully. For example, reproducing experiments in ex vivo models is not always straightforward, the access to lung tissue ex vivo is highly limited and the tissue sections are mostly obtained from individuals with some other underlying disease, which raises the challenge of studying potential alterations at baseline due to primary diseases.

Major drawbacks of 3D models are their poor standardization, which hampers inter‐laboratory reproducibility as well as the lack of complexity. However, while challenging to standardize, the different approaches may also yield complementary information. Numerous publications report on novel 3D tissue models, each of them relying on differing protocols, of which the most are not published with sufficient information to completely and independently reproduce results. Moreover, varying cells/cell lines, scaffolds, and cell culture media are used which further complicates the inter‐laboratory transfer. Another major obstacle is the lack of complexity of the organ models. Although the current state of the art includes two or even more cells in a model, the complexity of a living tissue in vivo cannot yet be completely emulated ex vivo. Similarly, vascularization, systemic distribution, immune responses as well as tissue regeneration are not yet possible in all models. Considering these aspects, animal models remain useful as a complementary approach, although their predictive power is limited by distinct interspecies‐related differences and their use raises more and more ethical concerns.

Notably, preclinical research exclusively relies on model systems, all of which have advantages and limitations. Considering these carefully and choosing complementary approaches could help to improve the predictive power of preclinical research and significantly reduce the number of animal testing at the same time.

5. Further Developments -- Where Should We Go From Here? {#biot201700341-sec-0010}
========================================================

Although these models based on original human material have already considerably contributed to furthering our understanding of human lung biology and disease, it is clear that several aspects need improvement in the near future.

Most of these models are based on the experience of single laboratories and hamper from standardization. Although this applies to many areas in biomedical research, it is of particular importance when the undertaken investigations endeavor to be of clinical and translational relevance. Regulatory authorities ask for clear descriptions of robust models and standard operation procedures to make such models acceptable beyond the use in basic science. In addition to this, the usability of a specific model compared to alternative (animal) models needs to be investigated in detail. Once accepted by the competent authorities and the pharmaceutical industry, these experimental approaches will considerably contribute to speed up translational processes and to reduce the use of animals in biomedical science. Therefore, third‐party donors and scientific journals need to be encouraged by the scientific community to support such methodological improvements and standardization projects.

Beyond standardization, there are specific scientific challenges. For example, ways to extend the culture time of explanted lung tissue cultures and PCLS are needed to allow for the investigation of longer lasting processes in the human lung. To this end, the implementation of lung explant cultures into microfluidic models[141](#biot201700341-bib-0141){ref-type="ref"}, [142](#biot201700341-bib-0142){ref-type="ref"}, [143](#biot201700341-bib-0143){ref-type="ref"}, [144](#biot201700341-bib-0144){ref-type="ref"} might improve tissue nutrition and culture duration. Microfluidic systems are also instrumental to investigate the interaction of the lung with other organs (e.g., gut‐lung axis, gut‐liver‐axis, human‐on‐a‐chip[145](#biot201700341-bib-0145){ref-type="ref"}) and to induce physical forces ("breathing lung on chip"[141](#biot201700341-bib-0141){ref-type="ref"}, [143](#biot201700341-bib-0143){ref-type="ref"}). Of particular importance is the addition of an -- at least‐minimal functional immune system in the microfluidic systems.

One of the biggest advantages of these models is accompanied by a great challenge: researchers are faced with the problem to gain cell‐specific mechanistic answers out of a 3D structure built up from different cell types over time. One key method is therefore the further development of high‐end live tissue microscopy techniques. Unfortunately, classical 2‐photon microscopy has no significant advantage in living lung tissues compared to confocal imaging.[146](#biot201700341-bib-0146){ref-type="ref"} This is due to the strong light scattering of the chambered alveolar system, which limits both techniques. Next, lung tissue has very strong auto‐fluorescence hampering specific fluorescence signal separation. Therefore, such methods must be combined with spectral microscopy,[147](#biot201700341-bib-0147){ref-type="ref"} and developed further with the fast (lattice) light sheet approach.[148](#biot201700341-bib-0148){ref-type="ref"}, [149](#biot201700341-bib-0149){ref-type="ref"} To show the advantage of spectral imaging we demonstrate two examples, where we have illustrated that spectral microscopy and linear unmixing provides the possibility to overcome the high auto‐fluorescence of the tissue and allows even for subcellular resolution of the complex cellular composition of the human alveolus. This kind of imaging techniques will drastically improve the methodological potential to visualize different cellular and structural aspects in living (lung) tissue and 3D models in general (Figure [1](#biot201700341-fig-0001){ref-type="fig"}). Innovative live cell labeling combined with the use of viral transduction systems for gene editing will allow for mechanistic analysis of such lung tissue models in the future.[150](#biot201700341-bib-0150){ref-type="ref"} The rapid development of stem cell based technologies[151](#biot201700341-bib-0151){ref-type="ref"}, [152](#biot201700341-bib-0152){ref-type="ref"}, [153](#biot201700341-bib-0153){ref-type="ref"}; decellularization procedures and tissue printing[154](#biot201700341-bib-0154){ref-type="ref"}, [155](#biot201700341-bib-0155){ref-type="ref"} make the building of human‐lung related tissue pieces for use in basic science more realistic within the next years.

![High‐end spectral confocal microscopy of living human lung tissue to illustrate the complex cellular composition of the human alveolus and the methodological potential. The tissue in the left panel was loaded with live/dead stain (calcein, green/life; ethidium bromide, red/dead). Green stained cells constitute the intact alveolar wall, bright ones are AEC‐II (white arrow heads), whereas dim ones reflect flat AEC‐I (asterisk). A tight intertwined network of elastic fibers (collagen/elastin, gray) serves as scaffold for the AEC (which is highly auto‐fluorescent) and the hidden capillary system (open arrowheads). The dark black areas indicate the air space of the alveoli (white circles). The right panel shows that live tissue microscopy can reach a resolution at the organelle level. Mitochondria stained for their DNA (Syto82, red) and membrane potential (MitoTrackerOrange, green) are depicted in orange (white arrow heads) demonstrating their distribution in the alveolar septae (asterisk). The strong elastic scaffold (gray, open arrow heads) and nuclear DNA of AEC (Syto82, red) shape the alveolar wall, black areas show the transition into the air space (white circles). All images have been acquired using a LSM 780 spectral microscope (37 °C, 5% CO~2~), Objective LCI 40xW C‐Apochromat NA/1.2 (Carl Zeiss, Jena, Germany). Spectral confocal imaging and linear unmixing of fluorescence dyes and tissue auto‐fluorescence was performed for z‐stacks up to 50 μm tissue depth. Display adjustment for clear visualization of structures was performed. Left image is a maximum intensity projection and right panel a 3D surface rendering. Bar 10 μm.](BIOT-13-1700341-g004){#biot201700341-fig-0001}

Overall, although complex developmental steps need to be overcome, there is already a fascinating outlook for the future of human pulmonary 3D models in experimental and translational research, which we have summarized in a multi‐level matrix (Figure [2](#biot201700341-fig-0002){ref-type="fig"}). This matrix illustrates the different requirements for different types of 3D human pulmonary models. It also gives an overview over techniques which come into focus and which need to be improved to adequately analyze such models. It is one central goal to make the human lung "stand alone" models more integrative to allow for more physiologic models, which are on par or exceed the classical and widely accepted in vivo animal models. Such efforts combined with high quality cryo‐preservation and culture techniques of lung tissue[156](#biot201700341-bib-0156){ref-type="ref"}, [157](#biot201700341-bib-0157){ref-type="ref"} will substantially increase the expansion of those methods into the scientific community and the pharmaceutical industry. An inter‐laboratory exchange of experiences and a detailed publication of protocols is a first step to improve future work with 3D models.

![Illustration of the different requirements and achievements (first and second level) for different types of 3D human pulmonary models (third level), which then can be applied in different methodological modalities and read‐out systems (fourth level) to give insight in toxicological, functional, or disease related aspects (fifth level).](BIOT-13-1700341-g005){#biot201700341-fig-0002}

3D, 3‐dimensional; AEC‐I, Alveolar epithelial type I cells; AEC‐II, alveolar epithelial type II cells; COPD, chronic obstructive pulmonary disease; SARS, Severe Acute Respiratory Syndrome; MERS, Middle East Respiratory Syndrome; ACE2, Angiotensin I converting enzyme 2; DPP4, Dipeptidyl peptidase 4; IAV, influenza A virus; CoV, coronavirus; NHBEC, normal human bronchial epithelial cells; NHTBC, normal human tracheobronchial cells; AEC, alveolar epithelial cells; ALI, air‐liquid‐interface; BEC, biliary epithelial cells; ECM, extracellular matrix; PCLS, precision cut lung slices; IPF, idiopathic pulmonary fibrosis; iPS, induced pluripotent stem cells; α‐SMA, α‐smooth muscle actin; CT, Computed Tomography.
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